Abstract A CAD/CAM tool for prototyping and smallscale production of micro-electro-mechanical systems (MEMS) devices based on the excimer laser ablation process has been developed. The system's algorithms use the 3D geometry of a microstructure, defined as an STL file exported from a CAD model, and parameters that influence the process (laser fluence, pulse repetition frequency, number of shots per area, wall angle, stitching errors) to automatically generate a precise NC part program for the excimer laser machine. The performance of the system has been verified by NC part program generation for several 3D microstructures and subsequent machining trials. An initial stitching error of 23.4±2.2-μm wide and 3.4±1.5-μm high was observed when the overlap size between adjacent volumes was zero, when ablating 100×100-μm features in polycarbonate (PC) at a fluence of 0.5 J/cm 2 using a workpiece-dragging technique. When the size of the overlap was optimised by a system based on optimal process parameters determined by the Taguchi design of experiment method (DOE), and incorporated in the mask design, the maximum stitching error was reduced to 13.4±2.2-μm wide and 1.4± 0.9-μm high under the same conditions. By employing a hexagonal-shaped mask with incorporated size of the image overlap, reduced horizontal-stitching errors of 2.4± 0.2-μm wide and 1.4±0.2-μm high were observed. The system simplifies part program creation and is useful for excimer laser operators who currently use a tedious trial and error process to create programs and complex masks to generate microstructure parts.
Introduction
Micro-structuring with excimer laser ablation is normally achieved by using non-contact image projection techniques. These techniques require custom-made chrome-onquartz photo masks as tools for shaping the beam to produce the desired structures. These masks are relatively expensive and making them for every change in design is not practical. Hence, new methods are needed to make this attractive technology a low-cost process. Furthermore, the ablation process is driven and controlled by NC part programs which are currently written manually to achieve the desired microstructure shape. The creation of the part programs is a time-consuming process, relies on operator expertise, a trial-and-error approach to produce the NC part program for a desired shape and optimisation to set the appropriate machine parameters to achieve the required surface finish.
There are several widely used laser-ablation maskprojection machining techniques, but they all suffer from wall angle effects between two adjacent ablation sites. These techniques stitch together projected features at the workpiece and, because of the wall angle effect, introduce overlay errors. These stitching errors directly affect the surface roughness and quality of the produced structure, and if they are not successfully controlled, the machining microstructures usually require additional post-processing work and operator skills to bring them to an acceptable standard. These types of errors cannot be completely removed, but with a proper model, can be controlled to a great extent.
Toenshoff et al.
[1] developed a 3D-CAD interface for micromachining with an excimer laser. They developed special CAD/CAM software that includes the excimerlaser-specific aspects of workpiece modelling and the process itself. Furthermore, strategies to minimise the processing time using flexible beam shaping with an NC mask were implemented. With regards to single ablations with a varying shape and depth, a special path calculation was programmed that reduced processing time.
Krishnan and Nassar [2] used an integrated excimer laser microfabrication system for direct drawing-to-production of photo-ablated microstructures. Their system consists of an excimer laser (248 nm and 351 nm), high-resolution stages, a CAD system and a visual observation and realtime metrology system. The material for the process was selected depending on the required edge wall definition, aspect ratio, surface roughness, debris formation and ablation threshold.
The use of greyscale patterns along the boundary of conventional mask apertures is known to produce lasermachined surfaces of reduced roughness [3] . Greyscale patterns consist of geometrical features that are too small to be optically resolved on the workpiece. However, they have the effect of reducing the laser fluence and etch rate. This paper reports on the development of a novel CAD/ CAM system for the excimer laser ablation processes that implements the optimised parameters which influence and specifically determine this unique process to automatically derive a precise NC part program for the excimer laser machine. In this work, the main process parameters (laser fluence , and these have been used as an input to the module for overlap and stitching error optimisation of the previously mentioned system. Based on these calculations, new masks have been designed to include the necessary overlap and improve the surface roughness of the ablated microstructure. Samples were machined using two different mask shapes (square and hexagonal) and the results are reported in terms of width and height measurements of the ablated microtextures.
CAD/CAM software interface
The software and algorithms used to convert a CAD model into an NC part program were reported in our previous work [5] . The four steps of the CAD/CAM process are summarised in Figs. 1, 2, 3 and 4.
First
Step The 3D model of an octagonal structure (Fig. 1) that we wish to machine was created using the SolidWorks (SolidWorks Corporation, Concord, MA) CAD package, which has the option to export this model as an STL graphics file format (ASCII or binary).
Second
Step This step represents the shape of the object as a mesh of tiny triangles laid over the surfaces. The triangles must meet up exactly with each other, without gaps or overlaps, if the object is to be built successfully. The "slice files" (third step), which are used to build each individual layer, are calculated from the STL file (Fig. 2) , and if there are any gaps between the triangles, then the edges of the slices are not properly defined [6] . Fig. 1 
